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Rhisobium  trifolii  NA30  was 
(YEM)  broth,  soil  extract,  and  c 


dilution  rt 


100-fold  dilution  in  the  number  of  bacteria  in  the  inoculum  resulted 
he  infection  thread  counts,  while  a 1000-fold 
52!!  reduction.  When  examined  graphically, 

Rhiaobim  trifolii  NA30  had  a generation  time  of  3,5  h in  soil 
extract.  The  cells  entered  stationary  phase  after  10  h of  growth 
in  this  medium.  Aliquots  were  taken  at  Intervals  from  soil  extract 

exponentially  in  soil  extract,  the  cells  did  not  change  their  infec- 
tivity.  Inocula  harvested  at  24  h and  thereafter  produced  fewer 

Rhisobim  trifolii  RA30  had  a generation  time  of  4 h in  clover 
tula  for  infectlvity  studies.  The  mean  number  of 
many  infection  threads  per  seedling  than  did  cells 

■date  revealed  no  complex  life  cycle.  Cells  cultured  in  each  medium 


only  node  of  cell  division  observed.  Asymmetrical  cell  divisions 


with  infectlvity.  Cells  cultured  in  root  exudate 


e correlated 
heavily 


The  light  and  electron  microscopes 
R.  tl'ifolii  NA30.  The  intensity  of  root 


used  to  study  the  physical 


could  be  observed  at  low  magnification  (150X).  The  newly  ii 

The  root  hair  nucleus  could  be  observed  at  the  tip  of  the  growing 

Ultrastructural  studies  of  serial  sections  of  Infection  threads 

a localized  point,  resulting  in  the  formation  of  an  open  pore.  There 


extracellular  within 


INTRODUCTION 


In  Che  clover  symbiosis,  infective  strains  of  Rhivobium  trifolii 
enter  the  host  through  root  hairs.  The  bacteria  enter  the  root  hair 

the  first  microscopically  visible  sign  of  a successful  infection, 
hecerotrophs  and  survive  in  soil  for  long  periods  of  time  away  from  the 


bacteria  are  stimulated  to  grow  and  divide.  The  physiology  of  the  bacteria 
in  vivo  and  in  vitpo,  prior  to  and  at  infection,  is  unknown. 

For  this  research  R.  bvifolii  NA30  was  cultured  in  yeast  extract- 


of  the  bacteria  as  related  to  the  infection  of  clover  under  Simula) 

morphological  changes  which  would  constitute  a 1 
by  workers  in  the  early  20th  century. 


passed  through  distinct 


f infection, 
: initiated 


y bacterial  floes. 


e electron  microscopic  examination 


LITERATURE  REVIEW 

The  rhizobla  are  aerobic,  heterotrophlc , Gram  negative  rods 
(0.5-0. 9 pm  by  1. 2-3.0  pm)  occurring  singly  or  in  pairs,  generally 

The  rhizobla  can  be  arbitrarily  classified  as  "fast  growing"  or  "slow 

generation  time  of  2-4  hours.  The  slow  growing  strains  produce  alkali 
and  have  a mean  generation  time  of  6-8  hours.  Historically,  the  main 
taxonomic  criterion  for  including  a bacterium  in  the  genus  Rhiaobium 

of  a leguminous  host.  A symbiosis  between  Rhiaobium  and  a non-legume, 
Trema  aapera , which  resulted  in  nodulation  has  been  reported  as  an 

The  rhiaobia  characteristically  stain  unevenly  with  the  usual 

of  poly-B-hydroxybutyrate  (84) . Craig  and  Williamson  (15)  have  identified 

(14)  examined  bacterolds  of  83  strains  of  rhizobia  and  found  nine  different 
inclusion  bodies  which  included  polyphosphate,  poly-B-hydroxybutyrate, 


ixobia  and  postulated  a c 


he  pleomorphism  of  the 
manifested  by  the 


typical  rods,  and  bacccroids  or  swollen  vacuolaced  forms.  He  reported 
the  infective  form  of  the  bacterium  to  be  the  motile  coccoid  form. 


► recognized  til! 


definite  H 


is  were  suggested  to  constitute  a 
d develop  into  a swarmer  form  and 


d form.  They  described  a 11 


; cycle  which  t! 


culture  was  transferred  to  a neutral  soil  solution,  it 


id  doubled.  At  this  i 


2.  Larger*  non-natile  coccus.  Whi 
coccus  remained  non-motile. 

3.  Annan*  otage  (motile).  The  cell  became  ellipsoidal  and 
Beijerinck  (3). 

i.  Bod  fom.  The  swarmer  proceeded  to  elongate  and  develop  li 


5.  Stage  of  high  oaouolation.  When  the  organism  was  placed  back 
into  a neutral  soil  extract  (or  the  available  carbohydrate  was  exhausted), 

bands.  Finally  these  bands  became  rounded  off  and  escaped  from  the  rod 


Thornton  and  Gangulee  (81)  followed  the  changes  in  morphology  of 
with  the  appearance  of  motility.  The  time  of  appearance  of  the  cocci 

and  presence  of  certain  salts  were  among  the  factors  cl 

inside  which  was  contained  a number  of  swarmer  cells  (for  references,  see 
afterwards  developed  flagella.  The  term  gonidanglum  was  proposed  by  Lohnis 
gonidia.  Lewis  (43)  concluded  that  the  gonidia  were  fat-like  Inclusions 


cycle  associated  with  the  rhizobia  but  did  observe  an  orderly  sequence 
Gibson  (28)  studied  the  morphology  and  reproduction  of  Rhisobium. 

Gaw  (27)  studied  the  growth  of  the  Vetch  nodule  bacteria  in  nitrate 
mannitol  agar.  Vetch  extract,  and  soil  extract  and  found  that  the  bacteria 
did  not  pass  through  regular  stages,  although  three  principal  cell  types 

Bisset  (5,6)  examined  a number  of  strains  of  Rhisobium  from  a wide 

some  species  of  Rhisobium.  Bisset  and  Hale  (7)  reported  that  tiny 

large  bacilli.  Graham  et  al.  (30)  were  unable  to  demonstrate  heat  resis- 
tance when  testing  a large  number  of  species  of  Rhisobium. 

Dart  and  Mercer  (18)  obtained  electron  micrographs  of  R.  meliloti 


preted  as  non-f lagellated  cocci  and  multi-flagellated  "swarmers".  The 
swarmers  ranged  in  size  from  0.1  to  0.4  pm  in  diameter. 

Dixon  (21)  and  Dart  (17)  have  reviewed  the  survival  of  rhizobia  in 
soil.  In  summary,  survival  in  soil  is  influenced  by  the  plants  which 
have  grown  there,  the  physical  and  chemical  properties  of  the  soil,  and 
the  strain  of  Rhizobiun.  The  rhizobia  can  survive  in  soils  in  the 


f legumes,  although  numbers  an 
£ time  in  sterilised  soil  amen* 


generally  higher  when  the  host 


no  loss  of  effectiveness  (40). 
found  that  R.  trifolii  frequently  produced  it 

Dudman  and  Brockwell  (23)  used  gel  immunodiffusion  to  study  the 
the  study  of  R.  japoniaien  in  the  soil  (8,73);  free  living  R.  japonievm 

the  rhixosphere,  principally  sugars,  amino  acids,  and  some  vitamins 
(67,68).  Legume  root  exudates  stimulate  Rhiuobivm  growth  (62)  but  not 

inf activity.  Macgregor  and  Alexander  (51)  found  that  a non-invasive 

Rhisobim  need  vitamins  such  as  biotin  and  thiamin  for  growth;  these 

nodulation  specificity  is 


f legume  species,  particularly  tlios 


! of  the  families 
le  bacteria  through 


interaction  is  deformation  and  curling' of  the  normally  straight  root 
hairs.  A characteristic  deformation  is  a curling  at  the  root  hair  tip 
to  produce  a "shepherd's  crook"  (25) . The  bacteria  enter  the  root  hail 

the  first  visible  sign  of  a successful  infection  (44) . The  majority  ol 
infected  root  hairs  have  the  shepherd's  crook  at  the  infection  thread 

hairs  contain  infection  threads. 


Root  hairs  of  non-legumes  are  not  deformed  by  Bhiaobium  (31) , and 
studies  which  tested  severai  species  of  bacteria  indicated  that  only 
Bhisobium  caused  deformation  of  legume  root  hairs  (79) . Root  hair 
deformation  is  exhibited  to  some  degree  by  both  nodulating  (homologous) 

However,  a markedly  curled  condition  of  root  hairs  is  almost  always 


the  leguminous  host  associated  with  infective  rhizobia 


r deformation. 


.n  specific  extracellular 
ty  alcohol  precipitation. 


acetic  acid  <13) 

using  a heat  stable  preparation  obtained  b; 

have  isolated  several  deforming  si 

Rhixobim  trifolii  cells  hove  polysaccharide  antigens  on  their 

(19).  Purified  preparations  of  these  polysaccharide  antigens  from 
infective  strains  of  R.  trifolii  Induced  intense  root  hair  deformation 
on  Trifolium  fragiferum  while  polysaccharide  antigens  from  related 
noninfective  mutants  produced  significantly  less  deformation  when 

Single  cells  of  Rhixobiwi  have  been  observed  attached  to  root  hairs 

Polar  attachment  is  not  restricted  to  the  Rhixobium-leeume  symbiosis 

the  epithelial  surfaces 


n gastrointestinal  ti 


e (71) . Flexibacter  at 


show  polar  orientation  at  solid-water  and  oil-water  interfaces  (53) ; 
in  these  coses  polar  orientation  could  not  be  explained  by  localization 
of  surface  ionogenic  groups. 

the  molecular  basis  for  polar  orientation  of  Rhizobim  cells  is 
unknown.  Bohlool  and  Schmidt  (9)  suggested  that  specific  interactions 
between  rhizobia  and  the  root  hairs  of  the  host  legume  may  involve 
binding  between  legume  lectins  and  the  bacteria.  Bohlool  and  Schmidt 

fi.  japonic  urn  bound  most  heavily  on  one  end  of  the  cell.  Fluorescein 


dominantly  at  cell  pole 


binding  and  polar  antibody  occur  on  the 
and  Ilubbell  (19)  hove  proposed  a model 

e surface  antigens  that  are  cross  bridged 


bacteria  into  the  root  hair.  Nutman  (60)  has  advanced  the  hypothesis 
of  root  hair  cell  wall  invagination.  An  invagination  results  from  the 
redirection  of  plant  cell  wall  growth  at  a localized  point,  resulting 
in  the  wall  growing  bock  into  the  root  hair 
thread.  There  is  no  penetration  through  th 


Nutman's  theory  of  Invagination  has  been  challenged  on  several 
points.  First,  how  the  cell  wall  invaginates  against  the  high  hydro- 


(21) . Secondly , invagination 


micrographs  (33,70). 


used  in  these  studies.  Additionally,  an  open  pore  would  allow  simul- 
taneous entry  of  different  cell  types  which  would  result  in  the  presence 
of  several  Rhutobiim  strains  in  a single  nodule.  Early  studies 
indicated  that  only  one  strain  of  Rhiaobivm  was  isolated  from  a nodule 

differentially  marked  by  antibiotic  resistance  (51)  or  serological  type 
(35,42).  However,  recent  studies  (41,46)  have  shown  that  several 


strains  can  be  isolated  from  one  nodule. 

hypothesis  in  which  the  rhiaoblal  exopolysaccharide  increases  plant 
pectic  enxyme  activity  and  a single  bacterial  cell  softens  and  sub- 
disruption. The  infection  thread  is  presumably  ii 


preparation  of  extracellular  polysaccharide  of  infective  rhixobia 
increased  the  activity  or  de  nooo  synthesis  of  plant  produced  pectinolytic 


the  plant-bacterium  specificity, 
transeliminase)  w, 


The  extracellular  polysaccharide 
characterised  in  some  cases.  Hepper  ( 


[ (56)  provided  evidence  to  support 

mish  (11)  found  pectinolytic 
i lnfectivity  of  strains.  In  addition, 

if  Rhisobiw  has  been  well 


R.  ireliloti, 


differences  in  composition  between  strains  were  not  related  to  the  ability 

trifolii,  R.  phaaeoli,  and  R.  leguminoaarum  and  could  find  no  sigif leant 
differences  in  carbohydrate  composition  with  the  exception  ol 
which  lacked  uronic  acid.  Methyl-O-glucuronic  acid  was  a cor 

has  been  identified  in  all  the  fast-growing  strains  as  well 
and  acetyl  substitutions  (2,24,86).  Cellulose  has  br 
extracellular  product  of  some  strains  of  Rhiaobium  C 
Dudman  (22)  examined  strains  of  R.  trifolii,  i 
lltpini,  and  R.  phaaeoli  and  found  both  capsulated  and  bare  cells,  with  the 
latter  predominating.  Dazzo  and  llubbell  (19)  reported  capsule  formation 
in  a strain  of  R.  trifolii.  This  capsule  was  characterized  as  a high 
molecular  weight  (>4.6  x 106  daltons),  0-linked,  acidic  heteropoly- 
saccharide containing  2-deoxyglucose,  galactose,  glucose,  and  glucuronic 


36,37).  Galactose 

n identified  as  an 
,58). 


root  hairs.  Sahlman  and  Fahraeus  (70)  and  Higashi  (33)  examined  infected 
clover  root  hairs  under  the  electron  microscope.  These  authors  did  not 
section  infected  root  hairs  through  the  origin  of  the  Infection  thread 
but  did  offer  their  micrographs  os  support  of  Nutman's  theory  of  invagi- 


MATERIALS  A! 

! — Rhizobium  trifolii  N, 


0,  infective  on  Trifolium 


Bacterial  e 
fragiferum  was  obtained  from  W.  F.  Dudmati. 

t extract-mannitol  (YEM)  broth  (58)  was  prepared, 
in,  filtered  through  Whatman  No.  1 filter  paper  to 
remove  excess  Co  CO.,  and  sterilised  by  autoclaving. 

Soil  extract  was  prepared  by  steaming  1 kg  air  dried  soil  (2.962 
moisture  concent)  with  1 liter  deionised  water  for  30  min.  The  extract 
was  centrifuged  at  13,200  x g for  10  min  to  remove  soil  particles. 

Instrument  Co.,  Ann  Arbor,  Mich.),  lyophilised  and  scored  desiccated. 
The  dry  weight  of  soil  extract  as  prepared  from  1 kg  of  soil  in  a liter 

Root  exudate  was  prepared  from  T.  fragiferum  var.  Palestine.  The 

extensively  with  sterile  deionised  water.  The  seeds  were  dispensed  in 

Laboratories,  Detroit,  Mic.)  tempered  at  45  C,  and  the  agar  allowed  to 
harden.  The  agar-seed  slabs  were  transferred  to  sterile  storage  dishes 


exudate  was  harvested  after  7 days, 
ind  0.45  lim  membrane  filters,  lyophillxed, 

: exudate  was  sterilised  by  passage 


filtered  successively  through  5 
and  stored  desiccated.  Clover  i 
weight/ml  water.  Reconstituted 
through  0.2  pm  membrane  filters. 

Grouth  Conditions — Cultures  were  incubated  on  a rotary  shaker  (150 
rpm)  maintained  at.  25  C.  Growth  curves  were  determined  by  growing  R. 

Harvesting — Rhiaobium  trifolii  KA30  was  grown  in  YEM  broth  and 

(PBSi  0.05  M K2HP04-KH2P04,  0.15  M NoCl,  pH  7.2). 

Dry  Height  Determinations — Cell  mass  determinations  were  made  by 

Corp.,  Pleasanton,  Ca.).  The  filters  were  dried  at  60  C for  20  min, 

made  by  lyophilislng  5 ml  of  medium  in  acid  cleaned,  pre-weighed  ampules. 

Baoteria-Plant  Interactions — Trifotium  fragifertan  var.  Palestine 
seeds  were  surface  sterilized,  rinsed  and  cold  treated  for  48  b at 


(25)  inoculated  with  appropriate  cultures.  The  assemblies  were  incubated 
in  a plant  growth  chamber  (Warren  Sherer,  Model  CEL  255-6,  Marshall,  Mich.) 

Infeatioity  Studies — Rhisobiuin  trifolii  NA30,  during  growth  in  YEM 
broth  (60),  produced  cellulose  microfibrils  which  resulted  in  flocculation. 

-r  infectivity  studies  by  centrifuging  R.  trifolii  NA30 

cula  were  standardised  with  appropriate  volumes  of  filter 

d infection  threads  counted  after  5 days  Incubation  time 
;t  microscopy. 

Electron  Microscope  Studies — Equal  volumes  of  4X  glutaraldehyde 
fixed  for  1 h and  washed  successively  with  PBS  and  deionized  water. 

for  10  min  and  washed  successively  with  PBS 


from  media  in  s 


sterilized  P: 


7.0)  vi 


is  drained  from  tt 


.e  clover  seedlings  from  Fi 


with  IX  osmium  tecroxide.  The 

Carbon-platinum  shadowed  £ 
grids  containing  thin  sections 


infiltration  with  plastic  continued. 


RESULTS 

Growth  of  Rhiaobim  trifolii  SA30  in  Yeast  Extract-Mannitol  Broth— 
Yeast  extract-mannitol  (YEN)  broth  is  a standard  laboratory  medium  used 

during  growth  in  this  medium,  would  be  characteristic  of  a true  pleo- 
morphic nature  and  not  artifacts  induced  by  nutrient  limitation. 

A growth  curve  (Fig.  1)  was  determined  for  R.  trifolii  NA30  so 
it  would  be  known  when  the  cells  were  actively  growing  (exponential 

a stationary  phase.  Rhizobium  trifolii  NA30  had  a mean 
* of  3 h in  YEM  broth.  Fig.  1 shows  that  a AB  h Inoculum 


growth)  and 
had  essentially 


le  pH  ol 


: h and  in  stationary  phase  al 


defined  as  the  ability 


r infectlvlty  studi 
were  standardized  to  10®  flocs/ml. 


gave  Che  highest  infection  thread  counts  (1 
the  high  standard  deviations  for  72  h and  39  days,  ii 
counts  tended  to  be  variable  from  one  seedling  to  another  for  a given 
Inoculum.  This  variability  could  perhaps  be  reduced  somewhat  by  using 


inocula  prepared  from  J 


for  72  h cells  was  significantly  higher  than 

then,  at  least  a 56  h period  o: 
o establish  a more  efficient  ini 


72  h (stationary  phase)  w 

Root  hair  adsorption  was  examined  to  determine  if  the  age  of  the 
culture  affected  bacterial  attachment.  Bacterial  suspensions  consisting 
of  single  cells,  as  opposed  to  flocculated  cells,  were  prepared  by 
filtering  cells  through  glass  wool.  Clover  seedlings  were  set  up  in 
Fahraeus  glass  slide  assemblies  (25)  and  inoculated  with  single  cells 
preparations  from  12  h and  72  h It.  tpifolvi  NA30  cultured  in  YEM  broth. 

and  72  h cells  (6  + 2.7  and  6 + 2.5  bacteria/root  hair,  respectively). 

The  seedlings  were  examined  afcer  12  h incubation  in  the  dark.  Bacterial 
attachment  for  39  day  old  cells  was  not  examined. 


Infection  Thread  Counts  from  Tri folium  frayiferum  Inoculated 
aitk  Hitinobium  trifolii  HAZO  Harvnatod  from  'leant  Ex  tract - 
Mannitol  Broth  at  Mid-oxponontial  and  Stationary  Phanan 


There  were  no  detectable  differences 
These  deformed  root  hai 

on  infection  thread  counts,  72  h cells  were  diluted  in  serii 
dilutions  and  used  as  inocula.  Table  3 gives  the  infection 


:r  deformation  on 


s ranged  from  0.15  to  0.3  mm. 
fleet  the  number  of  bacteria  ii 


confidence,  there  was  a significant  difference  in  the  mean 

mean  number  of  infection  threads  was  the  same  for  the  seedlings 

:he  latter  was  larger  indicating  a greater  variance  among 
This  Inoculum  (2.7  x 107)  was  able  to  Induce  77  infection 
i on  one  of  the  seedlings,  which  was  a higher  count  than  observed 
seedling  inoculated  with  2.7  x 108  flocs/ml.  The  inoculum  pre- 


pared from  2.5  x 10”  flocs/ml  alsi 
threads  on  one  of  the  seedlings,  I 

A 100-fold  dilution  in  Che  ni 
resulted  in  a 222  reduction  in  tin 
1000-fold  dilution  resulted  in  a ! 


■e  a high  ci 


22  reduction. 


of  73  infection 


Effect  of  Varying  the  Inoculum  Site 
Infection  Thread  Counts 


Flocs/ml 


Fig.  2.  Relation  of  infection  thread  counts  to 
the  number  of  bacteria  in  the  inoculum. 


t Extract-Mannitol 


■eads  per  seedling  with  an  exponential  increase  ii 
to  10  flocs/ml,  at  which  point  a plateau  was  rei 
Morphology  of  Rhiaobium  trifolii  NA30  in 
’th — The  morphology  of  R.  trifolii  NA30  was 


Rhixobium  trifoli 

polyphosphate  bo 
Williamson  (15)  and  Craig  at  at.  (14). 

shadowed  preparations  when  the  bacteria 


of  inclusions.  poly-B- 


apparent  in  carbon^ 

i to  discern  polar  bodies, 

im  negative  cell,  The  intensity 
preparations  which  may  have  been 


growth  curve  in  Fig.  1 is  shown  in  Fig.  3 and  4.  The  predominant  form 

with  cellulose  microfibrils  as  indicated  in  Fig.  3,  The  bacterial  cells 
were  collapsed  and  the  electron  dense  polar  bodies  could  bi 

to  slightly  asymmetrical  cell  divisions  as  seen  in  Fig,  4, 

tion  of  short,  rounded  rods.  The  cells  were  filled  almost  entirely  with 


ig,  3), 


ic  only  Che  poles  of 


Rkieobium  tpifolii  NAi 
inoculacion  inco  VEM  broch. 


le  is  shown  in  Fig.  5.  The  cells  appeared  more  rigid  ac  6 h 
10  eleccron  dense  Co  see  polar  bodies.  The  lengch  of  Che 
triable,  and  rods  cended  Co  remain  accached  and  Co  form  shore 


>d  wich  floes  of  bacceria.  Ac  chis  time  Che  lengch  of  Che  rot 
■ mosc  uniform  during  growch  in  VEM  broch.  Gram  scaining  of  i 
aC  6 h,  buc  Che  scaining  o: 


cells  appeared  slighcly  banded. 

broch.  Fig.  7 shows  a shadowed  preparacion  of  cells  ac  Chis  sCage.  The 
cells  were  less  eleccron  dense,  which  indicaced  collapse.  The  cells 
were  rigid  during  exponenclal  growch  buc  collapsed  when  in  or  approaching 
Che  scacionary  phase.  When  cells  collapsed,  lc  was  possible  Co  see 
che  polar  bodies.  While  Che  cells  were  scill  discinccly  rod  shaped 
ac  18  h,  a Cendency  Coward  shorcer  rods  was  apparenc.  Gram  sCalned 


distinctly  rod  shaped 


en  viewed  under  the  light 

After  18  h R.  trifolii  NA30  entered  stationary  phase. 


: a floe  of  24  h rods  shows  cellulose  nicrof ibrils . A 
higher  magnification  of  the  cells  showing  more  detail  of  the  cellulose 
microfibrils  and  a polar  body  is  shown  in  Fig.  9,  In  most  cases,  the 
cellulose  microfibrils  appeared  to  be  restricted  to  the  poles  of  the 
rods,  buc  exceptions  did  exist.  Fig,  10  and  11  show  cells  at  30  h 
and  48  h,  respectively.  As  cells  aged,  the  amount  of  cellulose  micro'* 
fibrils  appeared  to  increase.  By  48  h (Fig,  11)  the  cells  were  quite 
collapsed,  even  more  so  than  the  original  48  h inoculum  (Fig,  3), 

in  that  the  cells  became  highly  vacuolated  and  staining  was  restricted 

distinct  polar  bodies  within  the  cells.  Fig.  12  shows  a light  micro- 

indicate  the  polar  bodies  which  give  the  rods  a banded  appearance'. 

The  clear,  unstained  areas  within  the  cells  are  attributed  to  the 
accumulation  of  PHB. 


Fig.  15.  A Chin  section  of  R.  trifolii  NA30  showing 
electron  dense  inclusion.  (X  63.000) 


In  thin  sections  <Fig.  14  and  15)  these  inclusions  were  seen 
as  small  and  diffuse  or  as  larger  electron  transparent  areas  with  ni 

not  surrounded  by  membrane;  however,  Pig,  15  shows  membrane  within  ' 
cytoplasm.  Fig.  14  and  15  were  12  h,  exponentially  growing  cells. 
Harvesting  Mid-exponential  Celle — Rhieobium  trifolii  NA30  ce 


I h (mid-exponential  growth)  we 
purpose  of  these  experiments  w, 


chosen  for  transfer  since, 
morphology  (see  Pig.  9 and 


The  optical  density  and  dry  weight  of  the  cells  was  monitored  for  9 
h.  The  optical  density  of  the  water  suspended  cells  decreased  while 
the  optical  density  of  the  PBS  suspended  cells  remained  fairly  constant. 

density  was  attributed  to  flocculation.  When  PBS  and  water  suspensions 
were  examined  on  a dry  weight  basis,  both  decreased  in  mass  at  the  same 
rate  (Fig.  16).  It  was  decided  to  use  PBS  to  harvest  and  resuspend 


Growth  of  Rhieobim  trifolii  N, 


^ Fig.  16.  Effect  of  suspending  Rhixobuun  trifolii 


lyophilized  soil  extract.  The  dry  material  could  not  be  completely 

prepared:  1.5X  (660  tig/ml),  2. OX  (880  ug/ml) , and  4X  (1.76  mg/ml) . 

R.  trifolii  NA30  was  harvested  from  YEM  broth  at  12  h (mid-exponential 

The  growth  of  the  becteria  was  monitored  by  optical  density.  As  seen 
in  Pig.  17,  the  total  growth  of  the  bacteria,  rather  than  the  generation 


me,  was  affected  by  the  different  c 

Rhizobium  trifolii  NA30  was  harvested  from  YEM  broth  at  12  h 

tract  was  3.5  h.  By  the  time  the  cells  entered  stationary  phase 


(10  h),  the  cell  mass  had  approximately  tripled.  As  indicated  in  Table 
4,  the  pH  of  the  medium  increased  during  the  growth  of  the  bacteria  in 
soil  extract.  The  cells  either  produced  alkaline  end  products  or 


inocula  were  standardized  to  10”  flocs/ml. 

their  infectivity.  Cells  from  stationary  phase  (at  2 
formed  fewer  infection  threads  per  seedling.  Due  to 

determined.  Infection  threads  were  initiated  within 


gives  infection 
ills  were  growing 


h and  thereafter) 


different 


Growth  of  Rhisobium  trifolii  N/ 


Growth  Phase 


Inoculation 

Stationary 


Morphology  of  Rhisobium  trifolii  NASO  in  Soil  Extract— Aliquots 
were  taken  at  intervals  to  determine  if  R.  trifolii  NA30  passed  through 
distinct  morphological  changes  which  could  be  called  a life  cycle  as 
proposed  by  earlier  workers  (3,4,43,69,76) . 

Fig.  19  shows  the  representative  morphology  of  R.  trifolii  NA30 
harvested  from  YEM  broth  at  12  h.  Cells  at  mid-exponential  growth  were 
fairly  uniform  in  morphology.  At  that  time  most  cell  divisions  were 
symmetrical  so  rods  were  of  a uniform  length.  Cells  at  this  stage  of 
growth  were  too  electron  dense  to  see  polar  bodies. 

soil  extract  (4X  concentrated)  is  shown  in  Fig.  20-25.  Throughout 
growth  in  soil  extract,  the  predominant  morphological  form  of  Che 
bacteria  was  a rod.  The  rods  remained  rigid  through  36  h (Fig.  10-23) 

became  apparent  at  6 h (Fig.  20).  At  this  time  approximately  52  of 
the  cells  had  a coccus  forming  at  the  pole  of  the  rod.  The  cocci  were 


12  h sampling  (Fig. 
frequency 


A h sampling  (Fig.  2 


continued  through  tl 


morphology  became  somewhat  obscurred  due  to  collapsing,  Che  variability 


g-aj-  sgK r as  «. 


.Fig.  23.  Carbon-platinum  shadowed  36  h R.  tvifolii  NA30 
are  indicated  by  CMF.  (X  5,607) 

Fig.  25.  A light  micrograph  of  a Gram  stained  preparation 
of  R.  tvifolii  NA30  at  12  h in  soil  extract.  The  arrows  indicate 
the  darkly  staining  polar  bodies  which  give  the  cells  a banded 


the  cells  remained  firm  during  exponential  growth,  but  as  the  bacteria 
entered  the  stationary  phase,  the  cells  were  collapsed.  In  soil  extract 
the  cells  remained  firm  during  stationary  phase  (after  10  h)  and  up  to 

banded  rods  throughout  the  incubation  period.  Fig.  25  shows  a light 
micrograph  of  a Gram  stained  preparation  at  12  h.  The  arrows  Indicate 
the  darkly  staining  polar  bodies  which  caused  the  cells  to  appear  banded 


could  have  been  misinterpreted  as  strings  of 
with  crystal  violet  revealed  that  these  were 
was  difficult  to  resolve  the  actual  cocci,  t 

microscope.  It  was  difficult  to  resolve  the 
The  difference  in  rod  length  was  not  resolved 

The  low  frequency 

Groath  of  Bhisobiwn  ti'-ifolii  NASO  in  Clover  l 
root  exudate  as  prepared  had  190  pg  dry  weight/ml 

than  5X  when  using  lyophilized  root  exudate  since 
not  be  completely  dissolved. 


lot  resolved  by  the  light  microscope. 


Rhinobim  trifolii  NA30  was  harvested  from  YEM  broth  at  12  h and 
transferred  to  root  exudate  prepared  at  the  following  concentrations: 

IX  (190  pg/ml),  2X  (380  lig/ml),  and  4X  (760  pg/ml) . Fig.  26  shows  that 
the  optical  density  of  cells  cultured  in  IX  and  2X  root  exudate  decreased 
after  the  cells  entered  the  stationary  phase.  The  decrease  in  optical 
density  was  correlated  with  a decrease  in  cell  mass,  as  seen  in  Fig.  27. 

of  R.  trifolii  NA30  in  this  medium.  The  optical  densicy  of  the  culture 


at  this  time.  The  generation  time  of  R.  trifolii  NA30  in  5X  root  exudate 
was  4 h.  As  indicated  in  Table  6,  the  pH  of  the  root  exudate  Increased 


literature.  It  I 


e reports  of  seed  coat  toxicity  (12,80)  in  the 

of  Inhibition  of  bacterial  growth  could  be 
The  size  of  the  zone  of  inhibition  corresponded 


frequently  occur  in  very  high  concentrations  in  plants.  Loomis  and 


exudate  (optical  density). 


200 


Fig.  27.  Growth  response  of  Rhiuobium  tl'ifolii 


10  Cultured  in  Clover 


Incubation 


Growth  Phase 


Inoculation 
Mid-exponential 
Late  Exponential 

Stationary 


The  growth  curves  of  fl.  irifolii  NA30  cultured  in  PVP  Created 
ixudate  is  shown  in  Fig.  29.  The  mean  generation  time  of  cells  cu: 
n PVP  created  root  exudate  was  4.5  h.  The  generation  time  was  thi 
or  the  different  concentrations  of  root  exudate,  but  the  total  gr< 
f the  bacteria  was  concentration  dependent.  There  was  no  decreasi 
n optical  density  with  cells  cultured* in  PVP  created  root  exudate. 

Soybean  seed  extract  has  been  used  as  a component  in  growth  nu 
n the  place  of  yeast  extract.  A non-defatted  soybean  seed  extract 


Clover  seed  extract  was  prepared  by  the  method  of  Dazzo  and  Hubbell 

(vol/vol)  in  root  exudate  (2.7  mg/ml).  The  addition  of  seod  extract 
reduced  the  generation  time  of  /?.  trifolii  NA30  from  4.5  h to  2.5 
h (Fig.  29).  The  effect  of  different  concentrations  of  seed  extract 


■la  were  prepared  from  cells  incubated  in  PVP  treated  root 
id  standardized  to  10®  floes/ml.  Infection  threads  were 
■ ter  5 days  incubation.  Infection  threads  were  initiated  in  the 
i of  56  to  62  h after  inoculation  when  the  inocula  were  prepared 


0.4 


from  stationary  phase  cells  at  24  h and  thereafter  initiated  infection 
threads  by  44  to  48  h. 


The  mean  number  of  Infection  threads 


seedling  increased  as 
ter  7 days  incubation 


f infectlvity  induced  by  root  exudate  was  more 
exponentially  growing  cells. 

Morphology  of  Rhitobium  trifolii  NASO  Cultured  in  Clover  Foot 
Exudate — Aliquots  were  taken  from  clover  root  exudate  at  intervals  to 
determine  if  R.  trifolii  NA30  passed  through  distinct  morphological 

The  representative  morphology  of  R.  trifolii  NA30  cultured  in 

inoculum  harvested  from  YEM  broth  was  identical  to  that  seen  in  Fig. 

19.  The  inoculum  contained  rods  which  were  fairly  uniform  in  morphology. 
After  4 h in  root  exudate  there  wa 


and  capsular  material  which  was  not  associated  with  the  12  h inoculum. 
Slime  was  defined  as  the  extracellular  material  which  was  loosely 
associated  with  cells.  A capsule  was  defined  as  that  material  which 
completely  surrounded  and  had  physical  contact  with  the  bacterial  ceUs. 
Fig.  30  shows  cells  which  were  embedded  in  a fibrillar  matrix.  The 
cellulose  microfibrils  radiated  from  the  cells  in  bundles.  Fig.  31 
shows  encapsulated  cells.  The  capsular  material  next  to  the  cells 


Fig.  30.  Carbon-platinum  shadowed  4 h R.  trifolii 
cultured  in  root  exudate.  This  micrograph  shows  rods  wh 
cellulose  microfibrils  (CMF)  arranged  in  bundles.  A fib 
material  completely  covers  the  background  of  the  grid. 


a fibrillar  capsule.  (X  7,83( 


•j£ 31 ' 


Cellulose  microfibrils  were  seen  associated  with  cells  (Fig.  31). 

At  8 h in  root  exudate  it  was  difficult  to  distinguish  cellulose 
marked  increase  in  the  motility  of  the  culture  as  seen  by  examining 

procedures  used  in  preparing  cells  for  shadowing.  It  is  thought  that 
was  becoming  pleomorphic  as  seen  by  the  budding  cells  in  Fig.  32.  At 


extracellular  material  around  clumps  of  cells.  While  the  morphology 
of  the  cells  was  a fairly  uniform  rod,  there  were  a small  number  of 


Fig.  34-36  show  cells  ac  late  exponential  growth  (12  h).  At  this 
are  of  different  lengths.  Fig.  36  shows  an  encapsulated  cell  and  a 


Gram  stained  preparations  at  12  h showed  an  increased  amount  of 
extracellular  material.  The  cells  could  barely  be  seen,  but  appeared 


At  24  h (Fig. 


rigid  and  polar  bcxlit 


s (Fig.  i 


regular  pattern  of  stained  and  unstained 
fas  was  seen.  This  banding  made  the  cells  (rods)  appear  as  strings 
cocci.  Positive  staining  with  crystal  violet  revealed  that  these 


polar  bodies  could  be  distinctly  seen  within  the  rods.  The  rods  were 
of  different  lengths.  Cocci  were  not  apparent  at  this  time.  As  seen 

tions  showed  cells  which  were  swollen  and  banded.  The  swollen  cells 


Baateria-Plant  Interactions — Straight,  undeformed  root  hairs 
!n  in  Fig.  43,  occurred  on  axenically  grown  Trifolium  fragifer i, 


clover  inoculated  with  R.  trifolii  NA30 
sphere  and  are  indicated  by  "floe."  (X  120) 


variety  Palestine  (hereafter  called  clover) . Fig.  44  shows  deformed 
root  hairs  on  clover  inoculated  with  R,  tvifolii  NA30.  The  bacteria 
flocculated  in  the  rhizosphere  and  appeared  as  large  clumps.  The 
intensity  or  degree  of  root  hair  deformation  could  be  correlated  with 
the  number  of  rhizobla  inoculated  into  the  rhizosphere.  When  the 
inoculum  contained  greater  than  10  flocs/ml,  Che  root  hairs  were 

uninoculated  root  hairs  (as  seen  in  Fig.  44).  These  stunted  root 

longer  than,  uninoculated  root  hairs  (Fig.  45) . These  moderately 
curled  root  hairs  were  greater  than  0.6  rnra  long.  Infection  threads 
did  occur  in  long  root  hairs,  but  high  infection  thread  counts  (greater 
than  10  infection  threads  per  microscope  field  with  the  10X  objective) 
were  restricted  to  areas  along  the  root  where  root  hair  growth  was 


The  characteristic  curled 
shepherd's  crook,  is  seen  in  F: 
in  the  shepherd ' s crook,  as  seen  in  Fig.  47 . 
from  YEM  broth  cultured  cells,  approximately 

of  infection  thread  initiation 


light  refractile  bacterial  floe  could  bi 


infection  threads  originated 
When  inocula  were  prepared 
the  infection  threads 
Ir  tips.  When  inocula 


at  the  infection  thread 


Hewly  initiated  infection 


only  slightly  with 


Fig.  46.  Tightly  curled  root  hair  tips  (shepherd’s  crooks, 
SC)  on  clover  inoculated  with  B.  trifolii  NA30  harvested  from 

Fig.  47.  Infection  thread  (IT)  in  a root  hair  with  a shep- 
herd's crook  (SC)  formation.  The  seedling  was  inoculated  with 


the  cytoplasm  of  the  root  hair  (Fig.  48).  As  the  Infection  thread 
aged  with  time.  It  became  more  light  retractile  and  distinct.  The 
root  hair  nucleus  could  be  observed  at  the  tip  of  the  growing  infection 


thread  (Fig.  49). 

Rhisobiwt  trifolii  NA30  grown  in  association  with  clover  could 
be  found  either  encapsulated  or  unencapsulated.  Fig.  50-55  show 
R.  trifolii  NA30  in  the  clover  rhisosphere  with  capsules  of  various 

one  bacterial  cell.  The  inclusion  of  several  bacteria  within  a single 
capsule  was  observed  only  when  R.  trifolii  NA30  was  grown  in  association 


fibrillar  material  completely  surrounded 


n amorphous  mate 


surface  as  seen  in  Fig.  54.  Fig.  55  shows  capsules  which  appear  to  be 
two  separate  yet  attached  capsules.  Rhiaobium  trifolii  NA30  cells  in 
the  rhisosphere  were  pleomorphic  only  when  enclosed  in  slime;  otherwise 
Che  cells  had  a fairly  uniform  rod  morphology. 

Rhiaobium  trifolii  NA30  was  observed  attached  to  root  hairs  in  a 
polar  orientation  os  seen  in  Fig.  56.  As  pointed  out  in  the  Literature 

When  the  chemical  identity  of  receptor  sites  for  bacterial  attachment  is 
known,  specific  cytochemical  tests  can  be  used  in  studying  attachment 
with  the  electron  microscope.  The  thin  section  seen  in  Fig.  57  shows 
fibrils  radiating  from  the  cell.  This  material  stained  positive  for 
polysacchoride  with  the  periodic  acid-siver  hexamine  stain  (64) . 

The  light  microscope  has  been  invaluable  in  studying  such  initial 
steps  in  Che  symbiosis  as  root  hair  curling  and  baccerial  adsorption. 


Fig.  48.  Root  hair  containing  an  infection  thread  (IT) 
hair  nucleus  (N) . (X  450) 

Fig.  49.  Higher  magnification  of  Fig.  48  showing  the 
infection  thread  tip  (IT)  and  the  root  hair  nucleus.  (X  1,850) 


bacterium  and  a capsule  which 


of  encapsulated  bacteria  within 


Fig.  52.  A thin 
encapsulated  bacteria 


b t Fi8‘i53th  * lhl" 


A thin  section  of  an  encapsulated  bacterium 
amorphous  material  attached  to  the  root  hair 


a polar  orientation. 


Fig.  57.  An  electron  micrograph  of  a thin  aectlon  of  a 
polarly  attached  R.  trij'olii  NA30  cell.  (X  84,000) 


In  addition,  the  light  microscope  has  been  used  to  study  the  gi 
of  the  Infection  thread  through  the  root  hair.  However,  the  p< 

light  microscope.  In  this  study,  seedlings  were  prepared  for  i 
microscopy  in  order  to  section  root  hairs  and  determine  if  thei 
an  invagination.  The  technique  of  serial  sectioning  was  used  i 

origin  were  serially  5 


ie  wall  of  the  infection  thread. 

Fig.  58  is  a diagrammatic  illustration 

i,  and  61,  respectively).  Bacteria  were  seen  wit 
,e  infection  thread.  This  infection  thread  may  t 
fore  the  fixation,  as  it  had  not  progressed  for 
id  the  nucleus  as  seen  in  close  association  with 


at  the  point  of  invagination  is  difficult  to  see  (indicated  b 
Pig.  59-61).  However,  the  infection  thread  walls  away  from  t 
invagination  are  clearly  recognizable, 
or  chemical  alteration  of  the  cell  wal 
origin,  where  the  specific  bacteria-plant 
initiation  of  an  infection  thread. 


may  reflect  a physical  and, 


Fig.  58.  A diagrammatic  illustration  of  a serial 


Fig.  59.  A serial  thin  section  before  the  invagination 
shoving  the  infection  thread  which  contained  bacteria  (B). 


invagination  showing  the  infection  thread  wall  (arrows)  of  the 


Serial  sections  through  a root  hair  with  an  infection  thread  which 

selected.  The  root  hair  was  slightly  curled.  Hie  infection  thread 
originated  midway  on  the  root  hair  and  branched  during  growth  through 
the  root  hair.  Each  branch  grew  into  the  base  of  the  root  hair.  The 

of  fixation.  A floe  of  bacteria  was  attached  to  the  root  hair  at  the 
origin  of  the  infection  thread.  The  sectioning  began  at  the  floe  (arrow) 

. 65).  The  arrows  in  Fig.  65  indicate  the  inter- 


I 


Nutman  (60)  Chat  the  toot  halt  nucleus  precedes  the  growing  infection 
thread  into  the  base  of  the  root  hair  cell.  Fig.  70  shows  numerous 
nuclear  pores  in  the  nuclear  envelope.  Vesicles  containing  globular 


The  infection  thread,  as  seen  in  Fig.  70,  was  composed  of  two 
distinct  layers,  an  outer  layer  and  an  inner  amorphous  layer,  surrounding 
the  bacteria.  The  inner  amorphous  layer  was  unstable  in  the  electron 
beam  and  would  be  missing  in  thinner  sections.  The  outer  layer  of  the 
infection  thread  and  the  plant  cell  wall  appeared  similar  in  appearance. 


s layer  contained  polysaccharide,  i 


it  sensitive  to  periodic 


Fig.  71  shows  the  branch  point  of  the  infection  thread  (indicated 
by  arrows)  with  one  branch  crossing  into  the  underlying  cell.  The  process 
of  the  infection  thread  crossing  from  one  cell  into  another  in  the  cortex 

at  the  original  site  of  infection.  There  was  no  disruption  in  the 
continuity  of  the  infection  thread,  and  the  wall  of  the  infection  thread 


Fig.  72  and  73  show  infection  threads  adjacent  to  nuclei.  In  each 
instance  there  was  an  accumulation  of  darkly  staining,  diffuse  material 
between  the  necleolus  and  the  nuclear  envelope.  This  may  represent 
transfer  of  ribonucleoprotein  from  the  nucleus  to  the  cytoplasm.  It 


Fig.  72.  A thin  section  of  on  infection  thread  (IT) 
adjacent  to  the  plant  cell  nucleus.  The  nucleus  contained  a 
prominent  nucleolus  (N)  which  had  a diffuse,  darkly  staining 

within  the  infection  thread  are  indicated  by  B.  (X  12,600) 


biochemical  communication 
infection  thread  as  the  nu 


en  the  plant  cell  nucleus 
precedes  the  growing  tip 


and  the  growing 


was  taken  from  the  serial  section  sequence  after  the  larger  part  of  the 


In  this  case  the  nucleolus  appeared  smaller 


DISCUSSION 


A study  of  the  ultrastructure  of  R.  trifolii  NA30  was  undertaken 
to  determine  if  the  organism  passes  sequentially  through  distinct 
morphological  forms  that  could  constitute  a life  cycle  os  proposed 

Rhiaobim  trifolii  NA30  had  a mean  generation  cime  of  3 h when 


shape  during  mid-exponential  growth.  In  contrast  to  cells  grown  in 
entered  stationary  phase,  there  was  a' tendency  for  the  bacteria  to 


One  unifying  feature  of  the  life  cycle  proposed  by  various  early  workers 
was  that  the  coccus  or  swarmer  was  the  infective  form  of  Bhizobim. 

Table  5 shows  that  after  10  h,  inocula  prepared  from  soil  extract  began 

until  after  36  h,  at  which  time  the  infectivity  was  significantly  reduced. 
In  root  exudate  R . trifolii  SJA30  had  a mean  generation  time  of  4 h. 

dry  weight  measurements  as  Che  cells  encered  the  stationary  phase.  There 


root  exudate  did  not  affect  Che  growth  rate  of  the  bacteria  but  did 


affect  the  total  cell  yield.  The  addition  of  clover  seed  ex 
root  exudate  caused  a decrease  in  the  generation  time.  The 
this  decrease  in  generation  time  is  unknown. 


As  with  YEM  broth  and  soil  extract,  no  complex  life  cycle  was 


observed  in  root  exudate  and  binary  fission  was  the  only  mode  of  cell 
division  observed.  Cells  cultured  in  root  exudate  did  produce  cocci,  but 
these  small  cells  constituted  less  than  5%  of  the  total  population  of 

were  associated  with  slime.  This  was  unique  to  cells  cultured  in  root 
exudate  and  was  not  seen  when  the  cells  were  cultured  in  YEH  broth  or 


attributed 


could  be  seeo  in  all  three  media.  The  banded  appearance  was 
to  the  accumulation  of  PHB  and  Che  darkly  staining  polar  bodies.  It  is 
believed  that  these  banded  rods  correspond  to  the  "gonidangia"  observed 
by  early  workers,  and  the  polar  bodies  correspond  to  the  previously 
described  "gonidia."  If  a cell  lysed  and  released  the  polar  bodies 
into  the  medium,  it  would  appear,  uuder  the  light  microscope,  as  if  a 
"mother  cell"  had  released  "swarmers."  It  is  concluded  that  the  life 
cycle  of  the  rhlzobia,  as  proposed  by  some  early  Rhiaobim  workers, 
was  an  erroneous  interpretation  of  stains  prepared  for  the  light 


microscope. 

Infectivlty  studies  showed  that  the  morphology  of  the  inoculum 
could  not  be  correlated  with  infectivlty.  Inoculum  prepared  from 
stationary  phase  cells  in  YEM  broth  was  significantly  more  infective 
than  was  inoculum  prepared  from  exponentially  growing  cells  in  Che 
same  medium.  Root  hair  curling  ability  and  bacterial  adsorption  did 

plays  an  Important  role  In  specificity  and  infection.  With  R.  tnfolii 
NA30,  stationary  phase  cells  produced  more  extracellular  polysaccharide 
than  did  exponentially  growing  cells.  However,  in  preparing  the  inoculum, 
cells  were  centrifuged  from  YEM  broth  and  resuspended  in  sterile  PBS. 

For  this  extracellular  polysaccharide  to  influence  infection,  it  would 


3-acetic  acid  (39).  It  is  unknown  at  this  time,  what  specific  function, 
if  any,  the  extracellular  polysaccharide  has  in  the  infection  process. 


The  seedling  was  inoculated  with  bacteria  when  the  Fahraeus  glass 
slide  assemblies  were  prepared.  Stationary  phase  cells  may  have  survived 
this  initial  starvation  period,  before  plant  root  exudates  accumulated, 
better  than  an  Inoculum  prepared  from  cells  harvested  at  mid-exponential 
growth  from  YEM  broth.  As  indicated  in  Table  3,  the  number  of  bacteria 


in  the  inoculum  did  affect  the  mean  number  of  infection  threads  formed. 
The  difference  in  the  number  of  infection  threads  formed  from  stationary 


le  difference  in 


infectivity. 

Cells  cultured  in  soil  extract  did  not  change  their  infectivity 
while  growing  exponentially,  however  cells  in  stationary  phase  produced 
fewer  infection  threads  per  seedling.  'Inspection  of  the  rhixosphere  of 
seedlings  inoculated  with  stationary  phase  cells  revealed  no  obvious 
reasons  why  these  cells  would  be  less  infective  than  exponentially 


The  opposite  effect  was  seen  for  cells  cultured  in  root  exudate. 
Inocula  prepared  from  stationary  phase  cells  produced  significantly 

growing  cells.  This  enhancement  of  infectivity  may  have  been  due  to 
either  the  growth  phase  of  Che  cells  or  the  increased  time  of  exposure 


f Che  bacteria  to  root  exudate.  These  two  possibilities  could  not 
e differentiated  during  the  experiment.  Light  microscopic  examination 
f the  rhixosphere  of  seedlings  inoculated  with  root  exudate  cultured 

f infection  thread  initiation  in  undeformed  root 


hairs  was  doubled  over  Chat  seen  for  YEH  cultured  cells.  Inocula 

exudate  had  more  attached  bacterial  floes  and  infection  threads  in 
undeformed  root  hairs  than  did  seedlings  inoculated  with  exponen- 
tially growing  cells  from  root  exudate. 

Infectivity  of  an  inoculum  could  not  be  correlated  with  the 
morphology  of  the  cells.  The  swarmer  form  of  the  rhizobia  was  proposed 
as  a means  of  explaining  how  the  bacterial  cell  penetrated  the  plant 
cell  wall.  Beijerinck  (3)  determined  that  Rhiaobiun  did  not  hydrolyse 
cellulose.  The  question  arose  as  to  how  bacteria  which  could  not  degrade 
the  plant  cell  wall  could  infect  the  plant  cell.  McCoy  (55)  confirmed 
that  the  rhisobia  did  not  hydrolyse  cellulose  or  pectin  when  cultured 

The  large  scale  production  of  hydrolytic  enxymes  would  be  detri- 
the  potential  to  be  pathogenic.  The  infection  of  the  legume  by  the 

physiology  results  in  abortion  of  the  infection  process  (60) . 

UltrastrucCural  evidence  presented  by  this  research  shows  that 
the  bacteria  enter  the  root  hair  by  a process  of  invagination.  The 
bacteria  redirect  the  growth  of  the  plant  cell  wall  so  that  the  root 


hair  through  a bactcria-induced , plant  synthesized  infection  thread 

extracellular  while  inside  the  root  hair. 

n threads  on  seedlings  inoculated  for  seven  days  were 


o the  rhizosphere  but  was  either  encircled  by  l 
or  plugged  with  a floe  of  bacteria 
(Fig.  63-68).  In  this  way,  entry  into  the  infection  thread  woulr 

bacteria  comprising  the  floe.  This  may  explain  Che  infrequent 
of  isolation  of  more  than  one  strain  of  Hhisobim  from  one  nodule 
The  majority  of  infected  root  hairs  have  the  tightly  curled 
hair  tip,  but  infection  will  occasionally  occur  in  a relatively 
undeformed  root  hair.  It  is  believed  that  Che  attached 
floe  on  the  slightly  curled  root  hair  (Fig.  62)  served  ) 
function  as  the  tightly  curled  roc 
and  concentrating  the  biochemical 

Seedlings  inoculated  with  roc 
root  hairs.  These  infection  three 
exudate  increased  the  encapsulation  of  the  bacteria  which  enabler 
these  encapsulated  bacteria  may  have  stimulation  infection  to  ocr 


p (Fig.  58),  localizing 


• initiation  o 


exudate  cultured  bacteria  showed 
■eads  originating  from  undeformed 
: originated  from  attached  bacterial 


infection  to  take  place  and  result  in  the  invagination  of  the  plant  cell  v 
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exopolysaccharides  of  Rhisobium  and  Agl'obacteriwi . J.  Gen. 
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